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A B S T R A C T
With increased urbanization, there is increased mobility leading to higher amount of traﬃc-
related activity on a global scale. Most NOx from combustion sources (about 90–95%) are emitted
as NO, which is then readily converted to NO2 in the ambient air, while the remainder is emitted
largely as NO2. Thus, the bulk of ambient NO2 is formed due to secondary production in the
atmosphere, and which R-LINE cannot predict given that it can only model the dispersion of
primary air pollutants. NO2 concentrations near major roads are appreciably higher than those
measured at monitors in existing networks in urban areas, motivating a need to incorporate a
mechanism in R-LINE to account for NO2 formation. To address this, we implemented three
diﬀerent approaches in order of increasing degrees of complexity and barrier to implementation
from simplest to more complex. The ﬁrst is an empirical approach based upon ﬁtting a 4th order
polynomial to existing near-road observations across the continental U.S., the second involves a
simpliﬁed Two-reaction chemical scheme, and the third involves a more detailed set of chemical
reactions based upon the Generic Reaction Set (GRS) mechanism. All models were able to esti-
mate more than 75% of concentrations within a factor of two of the near-road monitoring data
and produced comparable performance statistics. These results indicate that the performance of
the new R-LINE chemistry algorithms for predicting NO2 is comparable to other models (i.e.
ADMS-Roads with GRS), both showing less than±15% fractional bias and less than 45% nor-
malized mean square error.
1. Introduction
Living, working, or attending school near major roadways has been associated with a range of health eﬀects (Health Eﬀects
Institute, 2010; Vette et al., 2013). Additionally, it is estimated that as much 19% of the U.S. population are in the vicinity of
roadways with signiﬁcant traﬃc emissions (U.S. Census Bureau, 2007; Health Eﬀects Institute, 2010; Rowangould, 2013). Therefore,
understanding near-roadway pollutants and developing models for air quality prediction due to traﬃc-related emissions has been an
area of ongoing research.
In the U.S, motor vehicles account for 60% of the nitrogen oxides (NO+NO2=NOx) emissions (USEPA, 2010). In addition,
exposure to NO2 has been linked to adverse respiratory and cardiovascular eﬀects (Samoli et al., 2006; Latza et al., 2009). Thus, the
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U.S. Environmental Protection Agency (USEPA) has established NO2 as one of six principal pollutants with National Ambient Air
Quality Standards (NAAQS) to protect public health. The U.S. EPA set a 1-h form of NAAQS for NO2 in 2010 (set at 100 ppb for a 98th
percentile value, averaged over 3 years) to address adverse exposure due to high short-term peaks in the vicinity of the near-road
environment. To support NO2 NAAQS attainment designations, the EPA has also required to set air quality monitoring sites for NO2
within 50m from major roads (USEPA, 2010). Considering that robust spatiotemporal monitoring eﬀorts can be cost prohibitive, air
quality models (AQMs) can aid to assess NO2 near roads where measurements from monitors are limited.
Numerous studies have been published which aim to simulate NO2 and its evolution in the general atmosphere (Gardner and
Dorling, 1999; American Petroleum Institute, 2013; Hendrick et al., 2013; Podrez, 2015). The recent USEPA White Papers on Planned
Updates to the AERMOD Modeling System discuss improvements to NO2 modeling in AERMOD (USEPA, 2017). Due to the growing
interest in understanding traﬃc-related air pollutants, several studies have focused on directly modeling NO2 near roadways (Hirtl
and Baumann-Stanzer, 2007; Kenty et al., 2007; Chaney et al., 2011; During et al., 2011; Wang et al., 2011; Kimbrough et al., 2017).
Most of these studies predict NO2 using dispersion models such as CALINE (Benson, 1984), AERMOD (Cimorelli et al., 2005), and
ADMS-Urban (McHugh et al., 1997).
The Research LINE source (R-LINE) model was speciﬁcally developed for these types of studies (Snyder et al., 2013). To better
simulate mobile source pollutant dispersion, it has an emphasis on near-surface releases and near-source dispersion, and models
traﬃc-related sources as line segments. However, R-LINE was designed to simulate primary, chemically inert pollutants. Even though
R-LINE has been shown to adequately estimate near-road dispersion (Heist et al., 2013), it does not have the ability to simulate
chemically reactive species such as NO2. Thus, we will develop three methods that will allow R-LINE to simulate the chemical
evolution of NO2 in the atmosphere, and present inter-comparisons of these when compared to observations from a near-road case
study.
The ﬁrst is a linear regression method based on the Dixon-Middleton-Derwent (DMD) method (Dixon et al., 2001) that uses NOx
and NO2 data from near-road monitors in the U.S. The second approach used to simulate NO2 consists of a simpliﬁed (Two-reaction)
chemistry scheme as described in Hess and Cope (1989). The third involves a more robust approach, using the Generic Reaction Set
(GRS). All methods are driven with R-LINE, the Research LINE-source dispersion model speciﬁcally designed to simulate the dis-
persion of traﬃc-related emissions from roadways. NO2 predictions from all three approaches are compared against near-road
measurements along a section of Interstate 96 (I-96) in Detroit, Michigan, USA.
2. Methods
2.1. Study domain and ﬁeld measurements
Foremost, to evaluate our study, we use data from a ﬁeld campaign developed to assess the relationship between near-roadway air
pollutant exposure and the respiratory outcomes of asthmatic children in the vicinity of major roadways in Detroit, MI (Vette et al.,
2013). This study describes the design and methods to support the Near-Road Exposures and Eﬀects of Urban Air Pollutants Study
(NEXUS), and additional details about the measurements are available in Kimbrough et al. (2013). From this study, we use a section
of I-96 just west of Detroit city limits, to model traﬃc-related air pollutants and compare against measurements from the ﬁeld
campaign.
Four monitoring sites were commissioned at locations 10m, 100m and 300m north (and downwind) of I-96 around the Eliza
Howell Park and another site 100m south (and upwind) of I-96 (Fig. 1 shows the site locations). Measurements were recorded every
5min from September 26, 2010 to June 20, 2011 for NOx and NO2. Traﬃc volume (activity) and speed measurements were also
collected for each lane of I-96 from September 25, 2010 to April 27, 2011. From these traﬃc volume measurements, an average
annual daily traﬃc (AADT) of approximately 140,000 vehicles per day was calculated.
Another monitoring station used in this study includes the AQS site at East 7 Mile Road with ID 26-163-0019 (Fig. 1) where hourly
NO2, NOx, and O3 concentrations were collected. This site is 22 km away from the I-96 measurement locations. At this distance, it is
inside the Detroit metro area, but not inﬂuenced by major roads, since it is approximately 4 km away from any primary road and 2 km
away from any secondary road. This monitor is used as urban background site to aid in the NOx to NO2 conversion schemes. Each
conversion scheme uses this background site diﬀerently. More details follow in Section 2.3. Several plots describing the background
site and how they compare to the I-96 sites have been included in Supplementary Information (Figs. S1, S2, and S5).
2.2. Dispersion models
2.2.1. R-LINE
As previously mentioned, we used the R-LINE dispersion model for this study. R-LINE is a research grade dispersion model
developed for near-roadway assessments. The model uses a Gaussian, steady-state plume-dispersion formulation that incorporates
newly developed algorithms for predicting concentrations from road sources at receptors near roads. Unlike AERMOD (EPA’s re-
commended dispersion model), R-LINE was speciﬁcally designed to model roadways as line segments. A considerable number of
models that simulate dispersion of roadways are analytical approximations to the integral associated with modeling a line source as a
set of point sources. Nonetheless, these approximations can cause large errors when the winds are light and variable, when the wind
direction is close to parallel to the road, and when the source and receptor are at diﬀerent heights. R-LINE uses a Romberg numerical
integration to compute the contribution of the point sources used to represent a line source. This approach incorporates governing
processes without including errors associated with approximations of the underlying model framework (Snyder et al., 2013). Finally,
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when compared to four other models in a model inter-comparison study, R-LINE (while modeling only dispersion with no chemistry)
showed comparable model performance statistics and even showed the least amount of fractional bias (Heist et al., 2013).
After a detailed analysis of wind patterns for the year 2010, the NEXUS study (Isakov et al., 2014) determined that, of the
available National Weather Service Sites (Detroit City airport, Detroit Metro airport, Windsor airport) the Detroit City Airport site was
the most representative of the study area for the local meteorology. This site also had the most data completeness objective. Hourly
observations from this site in addition to the nearest upper air station (DTX-72632 Oakland County) were utilized to create the
meteorological inputs. After land characteristics around Detroit City were established, we used the AERSURFACE model. Conse-
quently, AERMET was used to process the meteorological data from the Detroit City airport and DTX upper air station to use as inputs
for R-LINE. These meteorological inputs were also used to perform air quality modeling in support of the NEXUS study in Detroit. A
wind rose plot is included in the Supplementary Information that describes the general wind direction and wind speed for the Detroit-
City airport station (Fig. S3).
To represent the selected I-96 segment, two 2-km road links were created that roughly follow the path of the interstate and act as
the main emission sources, as depicted in Fig. 1. In this study, a combination of the road network geometry, traﬃc volumes, temporal
allocation factors, ﬂeet mixes and pollutant-speciﬁc emission factors were used in combination with meteorological inputs to gen-
erate link-based hourly emissions as described by Snyder et al. (2014).
Hourly Emissions, Ei, (grams/mile) were calculated by applying emission factors, EFi, (grams/vehicle/mile) and activity, Ai,
(vehicles) for each road link, i, as shown in Eq. (1).
= ×E EF Ai i i (1)
where
∑= ×EF ef (pollutant,speed,month,temperature) fleet mix(vehicle class)i
veh.class
i
(1a)
The efi is the vehicle-class-speciﬁc emission factor. When selecting the efi, observed speeds were used when available. If observed
speed were not available, speeds were estimated according to hour of day. The ﬂeet mix represents the fraction of vehicle class activity
relative to the total ﬂeet. Additionally, activity was characterized by observed traﬃc where available. If activity was not available, it
was calculated as activity Ai,
= ×A AADT TAF hour day month( , , )i i i (2)
Fig. 1. The zoomed-in domain shows small white squares indicating the four monitoring sites at 10m, 100m and 300m north of I-96 around the Eliza Howell Park and
another site 100m south of I-96. The yellow lines show the representative road links created to model the I-96 roadway segments. The expanded domain shows red
lines segments from primary roads as described by the U.S. Census Bureau’s Topologically Integrated Geographic Encoding and Referencing (TIGER) road data. The
AQS site E 7 Mile Road (26-163-0019) used as representative urban background site is also shown by a small white square. (For interpretation of the references to
colour in this ﬁgure legend, the reader is referred to the web version of this article.)
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in which AADTi is the average annual daily traﬃc and TAFi is the temporal allocation factor. More details on this method to calculate
hourly emissions can be found in Snyder et al. (2014).
Once all aforementioned inputs were generated, we use the R-LINE dispersion model to estimate concentrations at the four
receptor locations where measurements were taken.
2.2.2. ADMS-Roads
Using the meteorological and emission inputs from R-LINE, we ran ADMS-Roads (ADMS-Roads User Guide, 2011) to compare our
model results to a previously published dispersion model with NO2 chemistry. ADMS-Roads is a version of the Atmospheric Dis-
persion Modelling System (ADMS), a proprietary dispersion model developed by Cambridge Environmental Research Consultants
(CERC). Like R-LINE, the ADMS-Roads model is speciﬁcally designed to simulate traﬃc sources as line segments. It also includes
modules which account for the chemical conversion of NOx. This includes the GRS (seven reactions) scheme with an additional slow
reaction of NO with O3 producing NO2, as well as the simpliﬁed NOx-to-NO2 polynomial option developed by Derwent and Middleton
(1996). The modeling for this study was carried out with ADMS-Roads version 4.1.1, which will be referred to throughout the paper
as ADMS.
2.3. NOx to NO2 conversion schemes in dispersion models
The methods used to simulate NO2 transformation in the atmosphere vary widely depending on the dispersion model. They range
from empirically determining a NOx-to-NO2 ratio to more complex mechanisms with several chemical reactions. For regulatory
applications, the U.S. EPA recommends the use of AERMOD to simulate NOx and then using one of three tiered approaches to predict
NO2 depending on the application. The simplest approach, tier 1, would assume total conversion of NOx-to-NO2. Tier 2 assumes either
a ﬁxed NOx-to-NO2 ratio or determining a NOx-to-NO2 ratio using linear regression based on total NOx levels. The linear regression
was developed using nationwide correlated NO2 and NOx from the Air Quality System (AQS) data from 2001 to 2010. Finally, a tier 3
approach would consist of one of two methods that are similar in concept: the Ozone Limiting Method (OLM) and the Plume Volume
Molar Ratio Method (PVMRM) (Cole and Summerhays, 1979; Hanrahan, 1999). Both of these methods are based on the same
chemical assumptions of titration of NO by ozone to form NO2. Even though both tier 3 methods can be used to simulate NO2 near
roadways, the U.S. EPA speciﬁcally recommends using the OLM method (USEPA, 2014), since PVMRM has issues estimating plume
volumes near surface releases. Nonetheless, the OLM method is not designed to work with multiple sources, which is typical of
modeling road sources. Moreover, both methods only account for the forward chemical production of NO2 and neglect to consider the
age of the plume when calculating O3 and NO reaction rates. In the paper that develops the PVMRM method, Hanrahan et al.
recommend that both these methods not be used to estimate NO2 from motor vehicles (1999).
Very few, if any, studies have been published evaluating the OLM method or the PVMRM method near major roadways. However,
several other methods (Derwent and Middleton, 1996; Romberg et al., 1996) were designed to predict NO2 from NOx in near-road
environments using linear regression of measurements from sites near roads. These methods were evaluated against measurements
near roads and even though point-to-point correlation between the model and observations were generally weak, these methods are
successful in capturing average and maximum values (Hirtl and Baumann-Stanzer, 2007). Even though these methods have several
assumptions, they oﬀer a relatively simplistic way to estimate NO2 when necessary inputs are not available.
As mentioned before, the Derwent-Middleton correlation has become a default technique to calculate NO2 in the ADMS model.
However, the recommended method for more detailed NO2 modeling is the Generic Reaction Set or GRS (Azzi and Johnson, 1993).
This chemical mechanism takes into account diﬀerent background NOx and O3 concentrations, and thus requires these concentrations
as inputs. Even though this method is more resource intensive, the GRS scheme has been applied to several other AQMs such as
HYSPLIT (a Lagrangian model) (Draxler and Rolph, 2003), and DAUMOD (another dispersion model) (Pineda Rojas and Venegas,
2013). Additionally, GRS has been evaluated against measurements in several studies (Tonnesen and Jeﬀries, 1994; Venkatram et al.,
1994; Stein et al., 2000; Chaney et al., 2011; Carruthers et al., 2017) and compared against the Derwent-Middleton method using
ADMS (Vardoulakis et al., 2007). Results from the latter study conclude that better results are achieved by using GRS to estimate NO2
than when using the Derwent-Middleton approach (∼30% less fractional bias and normalized mean-square error when using GRS).
In order to simulate NO2 using the R-LINE dispersion model, we developed and applied three distinct NOx-to-NO2 conversions: the
Polynomial method, a simpliﬁed Two-reaction method, and the Generic Reaction Set (GRS) method. These approaches have varying
barriers to implementation. They also have varying degrees of complexity that range from simple statistical approximations to more
complex chemical mechanisms. These assumptions lead us to believe that the more complex approaches would potentially perform
better, whereas the simpler approaches would be easier to implement by policy makers, albeit at the cost of accuracy in the esti-
mation. We describe and evaluate each of these schemes below.
2.3.1. The polynomial method
This approach relies on empirical relationships between hourly NOx and NO2 ﬁrst developed by Derwent and Middleton (Derwent
and Middleton, 1996). Using a year of NOx and NO2 data at one near road site in London, NOx concentrations were sorted into 10 ppb
bins. These NOx bins were paired to the corresponding NO2 concentration in time. All values of NO2 associated with a given NOx bin
were then averaged. A curve was ﬁt through the bin averages for NO2 versus the upper bin limit of NOx to create a 4th order
polynomial. This polynomial allows straightforward calculations of NO2 from NOx.
The above-mentioned approach was later improved by Dixon et al. (2001) by including 7 years of data from 1991 to 1997 at 12
distinct sites in London. Other than the diﬀerence in measurement sites, the Dixon, Middleton and Derwent approach also chose to
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adjust the underlying form of the function to make it a dimensionless yield of NO2 for the corresponding NOx concentration. The yield
can be deﬁned as:
=Y NO
NO
[ ]
[ ]x
2
(3)
where square brackets indicate the hourly mean concentration in ppb.
In this improved approach, the data are once again binned by sorted [NOx] of 10 ppb and their corresponding [NO2] con-
centrations; however, the curve is now ﬁt through the bin averages for NO2 over the upper bin limit of NOx versus f([NOx]), as
opposed to [NO2] versus f([NOx]) in the Derwent-Middleton approach. These curves were ﬁtted to [NOx] and [NO2] measurements
assuming [NOx] as an independent variable. We realize this is a signiﬁcant simpliﬁcation of the chemical processes that determine
NO2 yield and that the assumption of [NOx] as a sole independent variable is potentially not justiﬁable. However, we ﬁnd value in
this method as a simple screening tool given its low barrier of implementation which is a need for characterizing local air-quality.
Diﬀerent combinations of input data (e.g. using sites in the U.S. within 100m from a primary road, using sites 300m from a
primary road, etc.) and diﬀerent order polynomials were ﬁt through these datasets. We use the leave-one-out approach to evaluate
the polynomial. This iterative evaluation led us to the 4th order polynomial similar to the Dixon, Middleton and Derwent approach to
calculate the yield of NO2 to NOx. Once the yield was calculated, it is multiplied by the [NOx] to get the estimated [NO2].
In the polynomial approach applied in this study, the Dixon, Middleton and Derwent method is used to create a 4th order
polynomial using collocated NO2 and NOx measurements gathered from the Air Quality System (AQS). Only AQS site measurements
recorded at locations considered as “near road” by the U.S. EPA were used (USEPA, 2015). Of the 79 sites deemed as “near road” by
the EPA, only 44 had collocated NOx and NO2 data. Data for these pollutants were collected and paired from January 2010 to May
2015 to create the polynomial, which has the following form:
= − + − +Y A A A A0.38156784 0.35989596 1.06341137 0.7146207 0.133025762 3 4 (4)
where Y is the yield or NO2-to-NOx ratio, A= log10([NOx]).
All signiﬁcant ﬁgures were retained when calculating the polynomial. For 0≤ [NOx]≤ 15 ppb, Y(log10(15))≈ 0.52. The yield is
then multiplied by the [NOx] predicted by R-LINE to predict NO2. After NO2 values have been estimated, the corresponding hourly
background NO2 concentrations from the E 7 Mile Road AQS site were aggregated to the simulated concentrations. Note that this
background site, which is few kilometers from the I-96 study locations, is still inside the Detroit metro area, but not inﬂuenced by
emissions from major roads. In other studies, using this regression approach, either NOx or NO2 background concentrations are used
to aid in the prediction of NO2. For this study, we have chosen to use background NO2 concentrations to remain consistent with both
the Two-reaction and the GRS approach, which use background NO2. Results and analysis for the polynomial approach using
background NOx concentrations (as a sensitivity analysis) can be found in the Supplementary Information (Table S2 and Fig. S6).
2.3.2. Simpliﬁed Two-reaction method
The second method used for NO2 estimation uses a simpliﬁed chemistry scheme near the source, based on Hess and Cope (Hess
and Cope, 1989).
We assume that NO2 chemistry can be described by the following reactions:
+ → +NO hv NO Or2 3
1
(R1)
+ →NO O NOr3 2
2
(R2)
These reactions conserve = +NO NO NOx 2 and = +O O NOx 3 2. If we assume that the background air is entrained into the plume
at the source, the conserved quantities become
= +a NO NO ,xb xm (5)
= +b O O ,xb xm (6)
where the superscript b represents background values, and the superscript m represents modeled values. The modeled NO2 corre-
sponds to the modeled NOx multiplied by the NO2 to NOx ratio at the source. The modeled O3 at the source is zero. We assume a
constant value of 0.2 for the NO2 to NOx ratio at the source. This constant is based on studies that show that NO2 emissions from road
traﬃc have a ratio in the range from 0.10 to 0.25 (Carslaw and Beevers, 2004; Carslaw, 2005; Mavroidis and Chaloulakou, 2011).
If we assume photo-stationarity,
=NO r r NO O( / )[ ][ ]2 2 1 3 (7)
Eqs. (5)–(7) yield the following solution for NO2 (McRae et al., 1982):
⎜ ⎟ ⎜ ⎟= ⎡
⎣
⎢⎛
⎝
+ + ⎞
⎠
− ⎛
⎝
+ + ⎞
⎠
− ⎤
⎦
⎥NO a b
r
r
a b r
r
ab1
2
42 1
2
1
2
2
(8)
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2.3.3. The generic reaction set method
The ﬁnal scheme used to predict NO2 is the Generic Reaction Set (GRS) chemical mechanism. This mechanism is a simple yet
popular scheme used by several dispersion and trajectory models to transform NOx to NO2, as mentioned before. GRS is a simpliﬁed
semi-empirical photochemical model that consists of seven chemical reactions as shown in equations G1 to G7 and is based on Azzi
et al. (1992) and Venkatram et al. (1994) where they separate transport and chemistry. This method includes hydrocarbon reactions,
which were ignored in the previous Two-reaction method.
+ → +ROC hv RP ROC (G1)
+ →RP NO NO2 (G2)
+ → +NO hv NO O2 3 (G3)
+ →NO O NO3 2 (G4)
+ →RP RP RP (G5)
+ →RP NO SGN2 (G6)
+ →RP NO SNGN2 (G7)
where
ROC=Reactive Organic Compounds,
RP=Radical Pool,
SGN= Stable Gaseous Nitrogen products, and
SNGN=Stable Non-Gaseous Nitrogen products.
Reactions (G3) and (G4) represent chemically exact mechanisms, while the rest of the reactions are only approximate re-
presentations of their chemical counterparts. ROC in reaction (G1) can be taken to represent a single hydrocarbon and its organic
reaction products, or a complex mixture of hydrocarbons and their organic reactions (e.g. Volatile Organic Compounds (VOC)). The
rate constant for ROC photolysis was set according to Tonnesen (1994):
= − −( )k e k10,000 (min )T1 4710 3 1 (9)
where T is temperature in K. The rate constants for Reactions (G2) and (G4) were parameterized according to Venkatram et al.
(1994):
= − −k e5482 (ppm min )T2
242 1 1 (10)
= − − −k e2643 (ppm min )T4
1370 1 1 (11)
The NO2 photolysis rate constant for Reaction (G3) was calculated from the zenith angle (estimated using the time of day and
latitude of the Detroit City airport site) and the surface shortwave ﬂux (the solar radiation at the earth's surface assuming clear skies).
The remaining rate constants follow those in the original GRS scheme (Azzi et al., 1992).
The implementation of the GRS model within this framework is non-linear and requires adding the precursor contributions from
all sources before integration. Thus, as opposed to the previously described Two-reaction method where only NOx emissions were
necessary, this method requires NO, NO2 and VOC emissions.
Transport and chemistry have been uncoupled in this approach. In other words, the model calculates the dispersion of pollutants
from the source ﬁrst, and then the chemistry is applied to the interval of time associated with the age of the pollutant transported
(Venkatram et al., 1994). The age is then calculated as a factor of wind speed, and distance between the source and receptor. The
resultant age is taken to be the minimum of the “weighted mean ages” of NO2 and NO, as shown in Eq. (12).
=
∑
∑
=
=
Age
C d w
C
/i
N
i i
i
N
i
1
1 (12)
where
Ci is the concentration resulting from source i at the receptor,
di is the distance between source i and the receptor,
w is the wind speed, and
N is the number of sources.
3. Results and discussion
We ﬁrst compared the dispersion of NOx against the observations collected at the four I-96 sites. To accurately estimate total
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concentrations, we added background NOx to our modeled dispersion estimates to account for non-traﬃc-related sources that were
not included in our simple two-road segment setup. This NOx assessment allowed us to evaluate the dispersion model for a pollutant
where the performance should be acceptable, i.e., most of the estimates would be within a factor of 2 of the observations. Due to the
lack of overlap in availability between background AQS data and the measurement campaign at the I-96 receptors, the hourly
simulations were exclusively conducted for the months of April and May of 2011. Thus, all results will be analyzed and presented only
for the hours shown in Table S1 in the Supplementary Information. This table shows the total number of simulated hours at the I-96
sites paired to observations for each monitor in April and May.
The complete range of the modeled predictions can be seen from the time series plot in Fig. 2. These plots show the hourly
maxima for each day for NOx at the four I-96 sites. Gaps in the plot are due to missing data in the meteorology, the AQS background
sites or the I-96 measurement site. Only daily maxima for days that have 18 hours or more of data are shown in the plot. Thus, even
accounting for the missing data, the 10m roadside and the 100m downwind sites show the maxima for 61 days. However, the 100m
downwind site shows 59 days and the 300m downwind site shows only 50 days’ worth of maxima. At all sites, 83% of the modeled
maxima are within a factor of two of the observations. The 10m roadside estimate shows the most agreement with observations with
90% of the modeled maxima within a factor of two of the observations. These results imply that R-LINE is adequately capturing the
daily maxima. Nonetheless, a distinct peak occurs on May 4th when the model overpredicts observations by a factor of 8. This is
attributed to a diﬃculty in estimating concentration under very stable meteorological conditions: the wind-speed and the Mon-
in–Obukhov length were close to zero. Under these conditions, R-LINE overestimates concentrations, as is typical of other dispersion
models (Qian and Venkatram, 2011). More detailed model performance statistics for NOx dispersion are found in Table 1.
As described in the previous section, three distinct approaches were used to model hourly NO2 using R-LINE. Fig. 3 shows the time
series plot of daily averaged NO2 at the four I-96 sites. All three approaches have at least 88% of the modeled maxima within a factor
of two of the observations at all sites. The GRS approach (93%) predicts daily maxima that are slightly better than the Polynomial
Fig. 2. Time series plot showing daily maximum modeled and observed NOx concentrations during April and May 2011 at the four I-96 “near road” sites simulated
with R-LINE. Modeled estimates represent dispersion without chemical transformation and have been aggregated with background concentrations from the E 7 Mile
Road site.
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(90%) and the Two-reaction (88%) approach. All three approaches show the best performance predicting the daily maxima at the
300m downwind site, with around 97% of the maxima within a factor of two of the observations. This is an interesting result given
that at this distance, concentrations are likely to be more inﬂuenced by background concentrations than the road sources. A time
series plot of daily maxima (and means) NO2, NOx and O3 for the background site can be found in the Supplementary Information
(Figs. S1 and S2). Finally, the same peak prediction of NOx without chemistry on May 4th persists in predicting NO2 for all 3
approaches. This is attributed to the poor performance of the dispersion model on that day, as mentioned previously.
The boxplots in Fig. 4 show the distribution of the log hourly NOx without chemistry and NO2 from all three NO2 conversion
Table 1
NO2 Model performance statistics for all sites for the 2-month duration of simulation.
NOx NO2
No chemistry Polynomial Two-reaction GRS ADMS w/GRS
Observed Mean (ppb) 24.17 15.24
Model mean (ppb) 23.52 14.50 16.55 13.03 14.86
Mean bias (ppb) −0.648 −0.36 1.69 −1.84 −0.005
Mean error (ppb) 10.74 5.67 6.82 5.57 5.22
FAC2 0.80 0.80 0.78 0.78 0.83
R 0.63 0.70 0.68 0.71 0.75
NMSE 0.91 0.34 0.44 0.31 0.24
FB 0.02 −0.024 −0.11 0.13 0.0003
Number of hours 5008 5008 5008 5008 5008
Fig. 3. Time series plot showing daily maximum modeled and observed NO2 concentrations during April and May 2011 at the four I-96 “near road” sites simulated
with the polynomial approach, the simpliﬁed Two-reaction approach and the GRS mechanism.
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schemes, compared against observations from the four I-96 monitoring sites. The NOx boxplot shows diﬀerences of less than 2 ppb for
25th, 50th, and 75th quartiles at most sites. The 10m roadside site shows the most deviations from observations with 5–10 ppb
diﬀerences from the observed quartiles. These distributions show general underestimation at all sites except for the 100m downwind
site. The NO2 distribution for all three approaches, on the other hand, are within ∼2 ppb from the observed 25th, 50th, and 75th
quartiles at most sites. The biggest deviations from observations are seen at higher concentrations in the 75th percentile. Speciﬁcally,
the Two-reaction approach shows an overestimate of∼8 ppb of the 75th percentile at the 10m roadside site, the GRS approach shows
an underestimation of∼5 ppb at the 100m upwind site and the polynomial approach underestimates this measure by∼4 ppb at the
300m downwind site. This shows a general trend where both the GRS and the Polynomial approach show slight underestimation at
higher concentrations and the Two-reaction approach shows overestimation at higher concentrations. Of the three approaches, the
Two-reaction approach is the most conservative. Overall, it predicts higher concentrations than both the polynomial and the GRS
approach. Thus, it consistently shows medians that range from 1 ppb higher at the 300m downwind site to∼5 ppb higher than both
the polynomial and the GRS approach at the 10m roadside site. When NO2 predictions are compared alongside NOx predictions, the
300m downwind site shows that all approaches underpredict NO2, similar to NOx. The biggest deviations are seen in the 10m
roadside site where both the polynomial and the Two-reaction approach overpredict NO2 while the GRS, conversely, underpredicts
NO2 following the trend of predicted NOx.
The hourly diurnal trend displayed in Fig. 5 gives some insight into speciﬁc hours where the model diﬀers from the observations
at the 10m roadside site. This diurnal plot shows the median at every hour for April and May 2011 as lines and the boxes show the
interquartile range (IQR) of the distribution of each of those hours for NOx without any chemistry and all NO2 conversion approaches.
Given gaps in the dataset, the number of data points used to create the IQR boxes diﬀer each hour. From 59 to 61 non-missing
concentrations available per hour, the IQR represents between 29 and 31 non-missing concentrations depending on the time of day.
Thus, if we have the maximum number of concentrations available (31 data points) the shaded box represents the 16th to the
Fig. 4. Box-and-whisker plots showing distribution of the log of hourly observed and modeled NOx (above) and NO2 (below) concentrations during April and May
2011 at the four I-96 “near road” sites simulated with the polynomial approach, the simpliﬁed Two-reaction approach and the GRS mechanism. The box represents the
middle 50% of the data, extending from the 25th to the 75th percentiles; the horizontal line through the center of the box is the median; the whiskers represent 1.5*IQR
(the inter-quartile range is the range from the 25th to 75th percentiles); the points are outliers above and below 1.5*IQR.
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46th data points. The median is calculated using the number of hours shown in Table S1. The NOx diurnal plot shows underestimation
of the median for the majority of hours. Deviation from the median ranges from an underestimation of 20 ppb at hour 9 to an
overestimation of 6 ppb at hour 18. Moreover, the model successfully captures the peak median concentration at hour 6, where both
the model without chemistry and the observations have the highest medians, 35 ppb and 47 ppb, respectively. However, observations
show a steep decline of 20 ppb from hour 6 to hour 20, while the modeled concentrations remain level. NO2 predictions with
chemical conversion, on the other hand, show distinct peaks in the morning and evening. The polynomial and the GRS approach
show peaks at hours 7 and 19, while the Two-reaction approach shows peaks earlier in the day at hours 6 and 17. The observations,
on the other hand, show less deﬁned peaks which is contrary to NOx observations. The polynomial shows that the highest median
concentrations occur earlier in the day with 22.8 ppb, while the highest medians in the Two-reaction approach and the GRS approach
occur later in the day with 34.0 ppb and 18.4 ppb, respectively. The GRS approach underpredicts the median at all hours except hours
19 and 20, while both the polynomial approach and the simpliﬁed Two-reaction approach show almost evenly distributed under-
prediction and overprediction depending on the hour of the day. It is of note that the simpliﬁed Two-reaction shows most of the
overprediction in the evening hours where the modeled distribution shows a range twice that of the observations. The main dif-
ference between the GRS and the Two-reaction approach is that the GRS has a time dependent component. Thus, NO, NOx and O3
have often not achieved equilibrium with higher proximity to the road and the VOC reactions have but a small contribution to the
creation of NO2. This explains why, generally, GRS has lower NO2 predictions than the Two-reaction approach, especially at sites
closer to the road. Overall, both the polynomial approach and the GRS approach capture the diurnal trend of the measurements better
than the Two-reaction approach. It is of note, that the GRS approach is the only chemical conversion scheme that has NO2 following
the modeled NOx diurnal pattern. This pattern consists of underprediction in the morning and early afternoon with slight over-
prediction in the late afternoon.
Fig. 5. Hourly diurnal trend observed and modeled NOx and NO2 concentrations during April and May 2011 at the 10m roadside site with no chemistry (top left), the
polynomial approach (top right), the simpliﬁed Two-reaction approach (bottom left) and the GRS mechanism (bottom right). The shaded boxes represent the inter-
quartile range of the observations and model predictions, while the lines represent the median of the observations and model predictions. The numbers below each
shaded box represent the number of days that had non-missing concentrations for each hour. The number above each shaded box represents the number of days that
had non-missing concentrations in the IQR for each hour.
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In Table 1 model performance statistics have been calculated for all monitors using hourly predictions that are paired in time and
space over the entire two-month period. In our analysis, we evaluated all three NO2 chemical transformation approaches developed
in R-LINE for this study. In addition, we also included the ADMS with GRS simulation to compare our R-LINE based predictions to an
alternate model. Since we combined the metrics for all four sites, we calculated the statistics for a total of 5008 hours during the 2-
month period from April – May 2011. The number of observed and modeled pairs is less than the total in Table S1 (by ∼5%) since
ADMS simulated fewer hours of meteorology from the modeling due to input meteorological parameters being outside the criteria for
inclusion. The performance statistics include Mean Bias, Mean Error, the correlation coeﬃcient (R), the fraction of predictions within
a factor of two of observations (FAC2), the root mean squared error (RMSE), Fractional Bias (FB), and Normalized Mean Square Error
(NMSE) as described in Chang and Hanna (2004):
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where
M is the model prediction,
is the observation,
Overbar (M ) is the average for the dataset, and
σM is the standard deviation for the dataset.
Of the three approaches developed for R-LINE, Table 1 demonstrates that the simpliﬁed polynomial approach shows the least bias
among R-LINE predictions with a FB of−0.024 while the GRS approach shows the most bias with FB of 0.13. While GRS shows the
least error with a NMSE of 0.31, the Two-reaction approach shows the most error with a NMSE of 0.44. FB based on a linear scale
reﬂects systematic bias, while NMSE being a measure of scatter reﬂects both systematic and unsystematic (random) errors, and thus
provides additional insight into the models and the metrics. Additionally, more than two-thirds of the predictions from these three
approaches are within a factor of 2 of the observations. Altogether, model performance of these chemical conversion schemes is
comparable. When comparing all three R-LINE approaches to ADMS with GRS, ADMS shows the best performance. It has the lowest
NMSE and FB, 0.24 and 0.0003, respectively and the highest correlation coeﬃcient and FAC2, 0.75 and 0.83, respectively, though not
substantially diﬀerent from the R-LINE based metrics. These results are consistent with the inter-comparison tracer study described
by Heist et al.’s (2013), where they compare several dispersion models including R-LINE, and ADMS.
An ideal model will be the one with R=1, FAC2=1, NMSE=0, and FB=0. According to Kumar et al. (1993), the performance
of a model can be deemed as acceptable if NMSE <=0.5, −0.5 <=FB <=0.5, and FAC2 > 0.85. Chang and Hanna (2004)
have additional suggestions concerning the magnitudes of the performance measures expected of a ‘‘good’’ model. This includes a
FAC2 of about 50% and a Relative Mean Bias, (FB), within± 30% of the mean (Chang and Hanna, 2004). According to these
parameters all of the approaches developed for R-LINE show good/acceptable model performance. In addition, a soccer plot showing
Normalized Mean Error vs. Normalized Mean Bias at each of the 4 modeled sites for the polynomial approach, the simpliﬁed Two-
reaction approach, the GRS mechanism and ADMS with GRS is included in the supplemental material (Fig. S4).
According to Carruthers et al., the evaluation of simulated NO2 and NOx should be paired and a “good” performance of a
chemistry approach should be judged on its consistency to predicted NO2 alongside NOx (e.g. if NOx is underpredicted so should NO2)
(2017). Throughout our evaluation (overall distribution, diurnal trends, and statistical bias), the GRS approach shows the most
consistency underpredicting or overpredicting NO2 alongside the modeled NOx. For example, both R-LINE and ADMS models using
GRS show positive fractional bias alongside predicted NOx (0.13, 0.0003, and 0.02, respectively), while the polynomial and the Two-
reaction show negative fractional bias (−0.024 and −0.11, respectively).
Even though all methods show good model performance as deﬁned by both Kumar et al. (1993) and Chang and Hanna (2004),
each approach has limitations that should be noted. The polynomial approach summarizes data with signiﬁcant scatter, thus the
calculated yield has signiﬁcant uncertainty. Both the Two-reaction approach and the GRS mechanism to a varying degree summarize
complex chemical reactions to estimate NO2. This is also a source of uncertainty. Moreover, the latter methods assume that all O3
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background is available for chemical conversion, even though in reality it might be shared between individual plumes. This as-
sumption can certainly overestimate the O3 available for NOx chemistry.
A signiﬁcant assumption made in this study relies on the observations from the E 7 Mile Road AQS site being a fair estimate of
what background concentrations would be in Detroit. Fig. 6 shows the impact of background on each hour by showing the proportion
of observed NO2 concentrations at the 10m roadside site over concentrations at the background site. Generally, all hours at the 10m
roadside site have at least 75% records above the background observations. During the day (hours 8–17), the distribution of con-
centrations above background is even higher, up to 99%. At these peak traﬃc hours, contribution from the road sources are the
highest and background concentrations are small compared to the contribution from the road sources. However, at night, more
records show that the concentrations at the background site are higher than those at the 10m roadside site. This is still a signiﬁcantly
smaller proportion of records than during the day. And the magnitudes to which the background is higher than the 10m site
concentrations are not more than a factor of 2. Still, the model would overestimates the observed measurements at these hours given
that the background is higher than 10m site measurement. This analysis highlights the importance of the background concentrations
to appropriately predict concentrations that match measurements at near-roadway sites.
All three approaches require knowledge of background concentrations. These concentrations are not easily measured or esti-
mated. Given that a site that measures O3, NO2, and NO and is also considered an urban background site is not readily available in all
study domains, it can become a signiﬁcant limitation when trying to apply any of the methods to a region. One option to improve on
this limitation would be to attempt to use existing techniques to estimate background concentrations, such as the space-time ordinary
Fig. 6. Hourly proportion of observed NO2 concentrations over background NO2 concentrations during April and May 2011 at the 10m Roadside site. The box
represents the middle 50% of the data, extending from the 25th to the 75th percentiles; the horizontal line through the center of the box is the median; the whiskers
represent 1.5*IQR (the inter-quartile range is the range from the 25th to 75th percentiles); the points are outliers above and below 1.5*IQR. The green line represents
the point when concentrations at the 10m measurement site is equal to the background site. (For interpretation of the references to colour in this ﬁgure legend, the
reader is referred to the web version of this article.)
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kriging (STOK) approach to develop background concentrations in support of the NEXUS study (Arunachalam et al., 2014). Further
research on the latter point would require a sensitivity analysis on how exactly background concentration may aﬀect NO2 predictions.
Other future work that might improve on this study would entail evaluating all three approaches at diﬀerent regions types (i.e.,
varying types of urban environments to more rural settings) and assess how well each approach predicts NO2 in diﬀerent environ-
ments. Additional stress testing would involve evaluating the algorithms during diﬀerent meteorological conditions (to explore
seasonality) to assess how each method behaves with varying winds, temperatures, etc. Once several tests are identiﬁed, a boot-
strapping resampling method can be set up to make sure that diﬀerences in model performances are statistically signiﬁcant.
4. Conclusions
In this study, we described the development and evaluation of three new model algorithms for NOx chemistry in the R-LINE near-
road dispersion model for on-road traﬃc sources. When compared against near-road monitoring data from I-96 in Detroit, Michigan,
the results indicate that the implementation of the new R-LINE chemistry algorithms showed model performance deﬁned as ac-
ceptable/good for dispersion models. ADMS using GRS used as a reference modeling approach shows slightly better performance,
with least error overall.
The polynomial method shows the least bias with a FB of −0.024, and the GRS shows least error with a NMSE of 0.31. Even
though, the model performance for all approaches is similar, the GRS method, which relies on chemical processes shows the most
consistency in predicting NO2 when evaluated alongside modeled NOx.
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